The zoonotic transmission of hepatitis E virus (HEV) is mainly mediated by HEV genotypes 3 and 4, with domestic pigs serving as an important reservoir for both genotypes.
CD4 counts, HEV infection can cause chronic liver disease (Debes, Pisano, Lotto, & Re, 2016; Debes et al., 2017) .
Hepatitis E virus belongs to Hepeviridae, a family which contains two genera: Orthohepevirus and Piscihepevirus (Smith et al., 2014 (Smith et al., , 2015 . Within the Orthohepevirus genus, four species, designated A-D, infect mainly mammalian hosts. So far, eight genotypes within the species Orthohepevirus A have been already identified (Smith et al., 2014; Sridhar, Teng, Chiu, Lau, & Woo, 2017) . Genotypes 1 and 2 HEV (Escriba et al., 2008) are exclusively infectious to humans, while genotypes 3 and 4 are zoonotic and responsible for autochthonous and sporadic infections in humans and several animal species (Yugo & Meng, 2013) . Genotypes 5 and 6 were mainly found in wild boars (Takahashi et al., 2011 (Takahashi et al., , 2014 , and genotypes 7 and 8 were identified in dromedary and Bactrian camels, respectively (Woo et al., 2014 (Woo et al., , 2016 . Phylogenetic trees based on analysis of nucleotide sequences of the partial ORF1-coding gene and ORF2-coding gene or complete HEV genomes show that these four genotypes can be further subdivided into numerous distinct subgenotypes (Johne et al., 2014) .
With regard to HEV infection in pigs, both genotype 3 and 4 isolates have been isolated (Yugo & Meng, 2013) . Although HEV only causes subclinical infection in pigs, it has been reported that consumption of raw and undercooked pork can transmit HEV to humans (Matsuda, Okada, Takahashi, & Mishiro, 2003; Miyashita et al., 2012) . Therefore, the spread of HEV in pigs is an important public health concern, and currently, pigs are recognized as a major natural reservoir of HEV (Yugo & Meng, 2013) .
In China, genotype 1 and 4 HEV infections have been reported in humans, with genotype 4 demonstrated to be the predominant HEV genotype in recent years (Liu et al., 2012) . By coincidence, genotype 4 HEV is also the predominant genotype on pig farms in China (Liu et al., 2012) . To date, six subgenotypes (4a, 4b, 4d, 4g, 4h and 4i) have been identified in both humans and pigs in China (Liu et al., 2012; Tian et al., 2015; Wang et al., 2014) . Meanwhile, seroepidemiology and genetic characterization of HEV have been performed on pigs from Jilin, Guangdong, Zhejiang, Jiangsu, Shandong provinces and in the city of Shanghai, all regions in eastern China (Liang et al., 2014; Tian et al., 2015; Wang et al., 2014; Yu et al., 2009; Zhang et al., 2008) . However, only few reports exist regarding HEV prevalence on pig farms in north-west and central regions of China (Geng et al., 2010) . In the present study, HEV infection was investigated on various pig farms in Shaanxi Province located in the central region of China. The results showed that HEV infection is endemic in pig herds there and that subgenotype 4i HEV is most prevalent. In addition, this study was the first to show that HEV RNA can be recovered from pig semen samples, suggesting that sexual contact is another possible HEV transmission route.
| MATERIAL AND METHODS

| Sample collection
A total of 7,178 serum samples were obtained from 17 different pig farms distributed in five cities of Shaanxi Province, China. Shaanxi Province is geographically located within 105°29′ to 111°15′ east longitude and 31°42′ to 39°35′ north latitude. Within this broad latitude range exists a variety of climates which successively include cold arid or cold semi-arid and semi-arid climates, a few areas with a humid subtropical climate, as well as a humid subtropical zone. Five cities that are mainly located in the central region of Shaanxi Province were studied (Figure 1 ) by sampling pigs on 17 farms representing approximately 80% of the total pig breeding farms within the province. Detailed information pertaining to serum samples collected in this study is shown in Table 1 . Pig breeding farms are indoors with 1,000-2,000 pigs per house and 20 same-aged pigs per pan. The mean age of pigs for collecting the samples was 6 months.
Faecal samples were directly collected from each pig using a sterile cotton swab, bile samples from each pig in a slaughterhouse were collected from the gallbladder using an aseptic syringe, and the semen samples were harvested from each boar in artificial insemination room. A total of 26 semen, 53 bile and 445 faecal samples were collected for the detection of HEV RNA by nested reverse transcription-polymerase chain reaction (RT-PCR). All samples were randomly collected from each animal and stored at −80°C before use.
| Detection of anti-HEV IgG antibodies in pig serum samples using indirect ELISA
Anti-HEV IgG antibodies in collected pig serum samples were tested using indirect ELISA as described previously . In brief, purified sORF2-C protein containing the C-terminal 268 amino acids of HEV ORF2 protein was used as the coating antigen and was derived from expression of a DNA sequence cloned from a genotype 4 swine HEV isolate obtained from a pig in a slaughterhouse (CHN-SD-sHEV, GenBank accession number KF176351). Pig serum samples were added in duplicate to wells at a dilution of 1:100 in blocking buffer. HRP-goat anti-swine IgG (Jackson ImmunoResearch, West Grove, PA, USA) was added at 1:5,000 dilutions. by Huang et al., (2002) and 10 μl of each RNA suspension was used as template for cDNA synthesis. Afterwards, the nested PCR was performed based on the established method (Huang et al., 2002) with the following modifications. In brief, the same primers were 
| Amplification of partial ORF1 and ORF2 genes of HEV from pig semen
One sample of pig semen positive for HEV partial ORF2 gene was used as a template for amplification of the complete HEV genome using nested RT-PCR. However, due to the small quantity of available semen samples, only partial sequences of ORF1 and ORF2 genes were amplified. Primers pairs were designed based on the five complete genomic sequences previously deposited in the GenBank database, including HEV-ZJ1 (JQ993308), E067-SIJ05C (AB369690), SH-SW-zs1 (EF570133), KM01 (KJ155502) and HE-Aichi-C1 (AB602439) ( Table 2 ). Nested RT-PCR was performed according to the manufacturers' instructions using both SuperScript III Reverse
Transcriptase and Platinum PCR SuperMix High Fidelity (Invitrogen).
Positive PCR products were purified using the QIAquick PCR Purification Kit (QIAGEN, Valencia, CA, USA) and cloned into the TA cloning vector pMD18-T (TaKaRa, Dalian, China). Sequences were collected using an ABI 3130 Genetic Analyser Automated Sequencer (Applied Biosystems, Foster City, CA, USA).
| Sequence analysis
For genetic identification of HEV isolates from pig semen, bile and faecal samples, nucleotide sequences from positive PCR products were analysed using BLAST (http://www.ncbi.nlm.nih.gov/BLAST). In addition, for sequence analysis of the amplified DNA fragment of the partial ORF2 gene, primer binding sites were excluded and a 306-bp region was used. Based on the sequences, multiple alignments were carried out using the MegAlign program within the Lasergene software package (DNASTAR Inc., Madison, WI) and a phylogenetic tree was constructed that also incorporated other known GenBank strains belonging to subgenotype 4 (a-i) by the neighbour-joining method using MEGA5.1 software. In addition, partial ORF1 and ORF2 gene sequences amplified from positive pig semen samples were also used for alignments and construction of phylogenetic trees that also incorporated other known HEV strains in the GenBank database, as described above.
T A B L E 1 Seroprevalence and genetic identification of HEV infection in different pig farms in five cities of Shaanxi Province, China. Serum anti-HEV antibodies were detected using indirect ELISA with the truncated ORF2 protein of genotype 4 swine HEV as coating antigen. HEV RNAs from the faecal, bile and semen samples were detected using nested RT-PCR targeting the partial ORF2 gene as described by Huang et al. (Huang et al., 2002 spss.com.cn). The chi-squared test was used to assess differences of positive anti-swine HEV IgG antibody rates among different-aged pigs, different cities and different herds. As previously described , p < 0.05 was considered statistically significant.
| RESULTS
| Seroprevalence of HEV infection on pig farms of Shaanxi Province, China
All 7,178 pig serum samples from 17 herds in five cities were tested for anti-HEV IgG antibodies using indirect ELISA. Truncated ORF2 protein from genotype 4 swine HEV was used as coating antigen. All five cities studied here harboured pigs with HEV infection (Table 1) .
Of 17 farms sampled, thirteen (76.47%) harboured at least one seropositive pig (Table 1) . Of 7,178 pig sera, 1,111 (15.5%) were positive for anti-HEV IgG antibodies (Table 1) . Positive rates for pigs on different farms ranged from 1.9% to 33.3% (Table 1) , while all four pig herds studied from Yan'an and Baoji cities were negative for anti-HEV IgG antibodies. In addition, the chi-squared test revealed that the positive rates of different herds in the Xianyang (p < 0.01) and Baoji (p < 0.01) cities were significantly different, while positive rates observed in Yan'an (p > 0.05), Xi'an (p > 0.05) and Weinan (p > 0.05) cities exhibited no significant differences (Table 1) 
| Genetic identification of HEV from pig semen, bile and faecal samples
To detect HEV infection occurring on 17 farms, 445 faecal samples were collected. In addition, 53 bile and 26 semen samples were also collected from partial herds. Partial HEV ORF2 gene segments were amplified from these samples using nested RT-PCR, and the results showed that 10 herds and 26 faecal samples (5.84%) were positive for HEV RNA (Table 1) . Of the five cities, Yan'an city was negative (Table 1 ). In addition, six bile samples and one semen sample were also positive for HEV RNA (Table 1 ). All positive samples were selected for sequencing, and sequences were analysed using the NCBI BLAST program. It was shown that the sequences had high similarity with corresponding sequences from HEV strains available in GenBank (data not shown). The 33 sequences were designated separately and sequentially as CHN-SN-sw1 to CHN-SN-sw33 and were submitted to GenBank under accession numbers MG839075-T A B L E 3 Primer pairs used for amplifying the genome segments of HEV isolated from a pig semen sample in Shaanxi Province, China (Table 3 and Supporting   Information Table S3 ).
ORF2b-R1/R2 TTTC(T)C(T)AG(T)G(T)GAGCGCGA(G)AACGCAG 23 7,207-7,229 T A B L E 2 Seroprevalence of HEV infections in different-aged pigs from Shaanxi Province, China
Phylogenetic tree analysis showed that all 33 isolates belonged to three subgenotypes of genotype 4 HEV (Figure 2 (Figure 2 ).
In addition, it is interesting that FS.F7.P7 and FS.F7.P10 sequences from the same herd belonged to different subgenotypes (4h and 4i), suggesting that two distinct subgenotypes circulated within a single pig herd (Figure 2 ).
3.5 | Sequence analysis of CHN-SN-ssswHEV_ORF1 and CHN-SN-ss-swHEV_ORF2 HEV genes from pig semen Sequence comparisons showed that both CHN-SN-ss-swHEV_ORF1
and CHN-SN-ss-swHEV_ORF2 had highly identities (82.4%-96.1%
and 83.3%-95.7%) with corresponding regions of genotype 4 HEV isolates corresponding to subgenotypes a to i (Table 4 ). In addition, the CHN-SN-ss-swHEV_ORF1 sequence only shared 73.7%-73.9%
nucleotide sequence identity with genotype 1 HEV, 73.1% with genotype 2 HEV and 74.2%-75.6% with genotype 3 (Table 4 and Supporting Information Table S4 ). The CHN-SN-ss-swHEV_ORF2 sequence exhibited similar results, with 76.7%-79.4% similarity to genotype 1-3 (Table 4 and Supporting Information Table S5 ). The two sequences shared the highest identities (96.1% and 95.7%) with subgenotype 4i HEV isolates (Table 5) . Based on the sequences of CHN-SN-ss-swHEV_ORF1 and CHN-SN-ss-swHEV_ORF2, two phylogenetic trees were constructed that both confirmed that this isolate clustered with subgenotype 4i HEV isolates (Figure 3 ). recognized as the major reservoir of HEV, and contact with pigs is a high-risk factor for transmission of hepatitis E to humans (Pavio, Meng, & Renou, 2010 F I G U R E 3 Phylogenetic tree based on the partial sequences of ORF1 (a) and ORF2 (b) obtained from pig semen. The phylogenetic tree was inferred using the neighbour-joining method (1,000 bootstrap replicates) of the MEGA 5.1 program. The sequences used here are listed in Supporting Information Table S2 . Sequences of CHN-SN-ss-swHEV_ORF1 and CHN-SN-ss-swHEV_ORF2 are labelled with "•". The corresponding sequences of the avian HEV genome were set as the outgroup. (Liang et al., 2014; Wang et al., 2014; Yu et al., 2009; Zhang et al., 2008) .
| DISCUSSION
Moreover, the positive rate of HEV infection within the central region of Shaanxi Province (including Xi'an, Xianyang, Baoji and Weinan cities) was significantly higher than in the northern region (Yan'an City), where the pig industry is standardized and operates under a more modern management scheme. Therefore, centralized housing of pigs and unreasonable management may have contributed to the spread of HEV.
Based on phylogenetic analysis of the sequence of the complete HEV genome or the partial HEV ORF2 gene, nine subgenotypes (4a to 4i) were identified for genotype 4 HEV. Earlier, only six subgenotypes (4a, 4b, 4d, 4g, 4h and 4i) had been confirmed to be circulating on pig farms in China (Liu et al., 2012; Lu, Li, & Hagedorn, 2006) . In general, a single subgenotype was most prevalent among various pig farms within a given province. In the present study, three subgenotypes, 4d, 4h and 4i, were detected on pig farms within Shaanxi Province and were the same subgenotypes detected in Xinjiang (Fu et al., 2011) , Shandong and Jiangsu Provinces (Zhang et al., 2010) , respectively. These findings suggested that pig trading among provinces may facilitate the rapid spread of HEV infection among pig herds. In addition, two subgenotypes 4d and 4i
were detected on the same pig farm. Therefore, further investigations are warranted that assess whether recombination occurs between two subgenotypes circulating on the same pig farm.
Hepatitis E virus can be transmitted via the faecal-oral route, by consumption of HEV-contaminated undercooked meat, raw meat and meat products, as well as through blood transfusion (Matsuda et al., 2003; Miyashita et al., 2012) . In addition, vertical transmission of HEV has also been documented (Hijioka, Sato, Iwashita, & Indou, 2005; Morozov et al., 2015; Sharma et al., 2017; Xia et al., 2015) , but to date, no report has been published demonstrating whether HEV is sexually transmitted through exchange of semen. In this study, a partial HEV gene was successfully amplified from a pig semen sample, suggesting that HEV may be transmitted by artificial insemination used in pig breeding. The potential contamination of HEV in semen sample can be ruled out because the procedure for semen collection is under the strict controls to avoid contaminations.
In addition, the findings also raise concerns as to whether HEV exists in human semen samples, warranting studies to determine if hepatitis E is a sexually transmitted disease, as are hepatitis B (Brousseau et al., 2017) , AIDS (Mpondo, Gunda, & Kilonzo, 2017) and Zika (Washington et al., 2016) .
In conclusion, the prevalence of HEV infection on pig farms in Shaanxi Province, China, was investigated. The study documented that HEV infection was endemic on pig farms within the province and that three subgenotypes, 4d, 4h and 4i, were detected. In addition, the 4i HEV subgenotype is the predominant genotype in Shaanxi Province. More important, in this work HEV RNA was first detected in pig semen samples, suggesting that hepatitis E may be a sexually transmitted disease.
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